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Abstract 
A piezoelectric energy harvesting cantilever integrated with Si proof mass has been presented to realize a low 
resonant frequency of 35.8 Hz. This paper describes the design, microfabrication and measurement of such device 
for harvesting energy from low frequency environmental vibrations. Instead of deposition of PZT bulk film, ten PZT 
thin film patterns (PZT patterns) are parallel arrayed and electrically isolated on the supporting beam of the 
cantilever. The performance of output voltage and power of PZT patterns in series and in parallel connections are 
studied based on the experimental and simulation results. It is shown that PZT patterns in series and in parallel 
connections produce the same level of power in the corresponding matched load resistance, but PZT patterns in 
parallel connection is preferred because of lower matched load resistance required. 
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1. Introduction 
With the fast advancement of low-power wireless sensor nodes and MEMS technology, microscale energy 
harvesting has attracted worldwide research interests for powering different autonomous sensor nodes to increase 
their lifetimes [1]. Vibration-based energy harvesting has been exploited for converting ambient kinetic energy into 
electric energy by transduction mechanisms including piezoelectric, electromagnetic and electrostatic [2-3]. Among 
these three transducers, piezoelectric energy harvesters (EHs) have high electromechanical coupling effect, require 
no external voltage sources, are compatible with MEMS technology, and have received much attention accordingly 
[4-7]. In order to extract the maximum power from the environment, the resonant frequency of such device has to 
match the dominant frequency in the surroundings. In fact frequencies of ambient available vibration sources are 
relatively low (normally less than 200 Hz) [8]. As a result, many vibration-based piezoelectric EHs in mesoscale 
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have been demonstrated to realize a low operation frequency [9]. However, as size reduced to micro-milllimeter 
scale, because of the specifications of microfabrication condition, material selection, and restrictions of device size 
and space, it becomes a great challenge to fabricate such device with a low resonant frequency. To the authors’ 
knowledge, most reported MEMS-based piezoelectric EHs operate at high resonant frequencies [10-12]. In this 
paper, we have successfully fabricated a MEMS-based piezoelectric cantilever for energy harvesting application 
which can realize a quite low resonant frequency. Meanwhile, the PZT thin film arrays patterned on the cantilever is 
differ from the conventional PZT bulk film pattern. Such special scheme is for the study of output voltage and 
power of PZT patterns in series and in parallel connections under the same stain condition.  
2. Design and configuration 
Figure 1(a) and (b) show schematic illustrations of the piezoelectric cantilever in top view and side view 
respectively. The cantilever has a supporting base connected with a supporting beam and a proof mass. The silicon 
proof mass is etched with hollow grid patterns for adjusting the resonant frequency of the cantilever. The lengths of 
the supporting beam lb and proof mass lm are designed as 3mm and 5 mm, respectively. The width of the cantilever 
w is 5mm. The thickness of the supporting beam is 5 ȝm and the proof mass has a whole thickness of 405 ȝm with 
etched hollow grid patterns of 400 ȝm thick. On the supporting beam, ten rectangular shaped PZT thin film patterns 
(hereafter called “PZT patterns”) are parallel arrayed and numbered from 1 to 10. Each PZT pattern from top-to-
bottom layers consists of a top electrode layer (Ti/Pt/Ti) of 0.2 ȝm thick, a PZT thin film layer of 3 ȝm thick and a 
bottom electrode layer (Pt/Ti) of 0.2 ȝm thick. The top and bottom electrodes are guided to their individual bonding 
pads by Pt wires on the supporting base. The length and width of each PZT pattern are 3.26 mm and 0.24 mm, 
respectively. As the cantilever undergoes the external vibration, the PZT patterns on the supporting beam will 
convert the variation of strain into potential voltage based on piezoelectric effect.  
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Fig. 1 Schematic illustration of piezoelectric cantilever in (a) top view and (b) side view  
3. Fabrication 
The piezoelectric cantilever was micromachined from a SOI wafer with Si device layer of 5ȝm thick, buried 
oxide (BOX) of 1ȝm thick and Si handle layer of 400 ȝm thick. As shown in Fig. 2(a), after deposition of a 0.3 ȝm 
thick thermal oxide (SiO2) layer on the Si device layer, multiple depositions of Pt/Ti/PZT/Ti/Pt/Ti layers were 
followed to form bottom electrode, PZT thin film and top electrode, respectively. In Fig. 2(b), the top and bottom 
electrodes were etched away by Ar-ion while the PZT thin film was etched by an aqueous solution of HNO3, HF and 
HCl. After patterning of the Ti/Pt/Ti/PZT/Ti/Pt multilayer, a SiO2 thin film was deposited as an insulation layer, as 
shown in Fig. 2(c). Subsequently, in Fig. 2(d), contact holes were etched on insulation layer and Pt wires were 
patterned to connect the top and bottom electrodes to bonding pads. Finally, the thermal SiO2, structural Si and BOX 
w
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in front side were etched in Fig. 2(e) and the substrate Si and BOX were etched from the backside to release the 
proof mass and the cantilever in Fig. 2(f). After the fabrication process, the device was assembled onto a dual in-line 
package (DIP) and wire bonded. 
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Fig. 2 Fabrication process of piezoelectric cantilever 
4. Results and discussion 
For the output voltage measurement of piezoelectric energy harvesting cantilever, a vibration testing system is 
employed. It consists of a vibration shaker, a power amplifier and a dynamic signal analyzer. An accelerometer is 
assembled on the shaker together with the cantilever device for the acceleration measurement. The vibration signal 
is generated from the dynamic signal analyzer, amplified through the power amplifier and finally utilized to control 
the vibration amplitude and frequency of the shaker. Accordingly, the piezoelectric cantilever device will undergo 
excitations and generate output voltage which will be collected and recorded to the dynamic signal analyzer again.  
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Figure 3 (a) Output voltage against frequencies for single PZT pattern  
(b) Voltage peaks for different numbers of PZT patterns connected in series and in parallel 
 
Fig. 3(a) shows the output voltage of single PZT pattern as the vibration frequency swept from 25 Hz to 45 Hz 
under the acceleration of 0.1 g. As can be seen, the maximum output voltage is 42 mV at the resonant frequency of 
35.8 Hz. Subsequently, as the numbers of PZT patterns connected in series and in parallel gradually increasing from 
1 to 6, the voltage variations are recorded and the peak voltages at resonant frequency are plotted in Fig. 3(b). 
“Exp_Seri” and “Exp_Parl” represent for experimental results of different numbers of PZT patterns in series and in 
parallel connections, respectively. For series connection, the peak voltage keeps relatively constant with the 
increment of PZT pattern numbers. Nevertheless, for parallel connection, the peak voltage increases gradually with 
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regard to PZT pattern numbers. To explain such trends difference, the equivalent circuits for PZT patterns in series 
and in parallel connections need to be put forward. 
As shown in Fig. 4, for each PZT pattern on the cantilever, it can be modelled as an AC voltage source Vs 
connected in series with impedance Zp, which is measured as capacitance Cp of 2.2 nF and resistance Rp of 67.2 
Mȍ connected in parallel. The measured output voltage VL is considered as the load voltage delivered to the 
impedance ZL of the dynamic signal analyzer which is indicated as 1 Mȍ. For n PZT patterns connected in series 
shown in Fig. 4(a), the load voltage can be expressed as 
S
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L nVZnZ
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 . The resultant voltage is n times Vs and 
the resultant impedance is n times Zp. Since the impedance of single PZT pattern Zp, which is approximate to 2 Mȍ, 
is much larger than the load impedance ZL of 1 Mȍ. Therefore, the measured load voltage VL does not change much. 
Fig. 4(b) shows n PZT patterns connected in parallel. The resultant voltage keeps the same but the resultant 
impedance is 1/n times Zp. Therefore, the load voltage derived as 
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will increase accordingly, but 
the increasing rate will be gradually reduced as the increment of connected PZT patterns. Such statement and the 
equivalent circuits are verified by using simulation software SPICE and the simulation results are represented by 
“Sim_Seri” and “Sim_Parl” in Fig. 3(b) as well. It is found that the simulation results match quite well with the 
experimental results. The minor difference is because the fluctuation of the impedance of PZT patterns is not 
considered in the simulation. 
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Fig. 4 Equivalent circuits of PZT patterns connected in series and in parallel 
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 Fig. 5 Voltage and power outputs against load resistance for six PZT patterns  
in series and in parallel connections 
Fig. 5 (a) and (b) show the experimental results of voltages and power outputs against load resistance for six PZT 
patterns connected in series and in parallel at frequency of 35.8 Hz and acceleration of 0.1 g. In the experiment, 
various load resistors are parallel connected with the dynamic signal analyzer. Therefore, the resultant resistance 
will always be smaller than the impedance of the dynamic signal analyzer of 1 Mȍ, no matter how large the external 
resistance connected with. In Fig. 5(a), the load voltage for six PZT patterns connected in series and in parallel 
increase monotonically as the load resistance increase. As we known, the maximum power appears when the 
external impedance matching with the internal impedance in the circuit. In Fig. 5(b), for six PZT patterns connected 
in series, the matched load resistance is beyond the measurement range, as a result, the power output only shows a 
gradually growing trend without a maximum power peak. By using simulation software SPICE, it is found that the 
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power output reaches the maximum of 11.4 nW at the matched resistance of 12.5 Mȍ. For six PZT patterns 
connected in parallel, it is clearly seen that the maximum power of 11.6 nW occurs at matched resistance of 333 Kȍ. 
Although PZT patterns connected in series and in parallel produce the same level of power with regard to matched 
load resistance, PZT patterns in parallel connection is preferred since it requires lower matched resistance which is 
more suitable for real application.  
5. Conclusion 
This paper has demonstrated the design, fabrication and measurement of piezoelectric cantilever with quite low 
resonant frequency of 35.8 Hz for the energy harvesting application. The output voltages of different numbers of 
PZT patterns connected in series and in parallel are measured and discussed. To optimize the output power, six PZT 
patterns in series and in parallel connections are studied based on experimental and simulation results.  It is found 
that the maximum power for PZT patterns connected in series and in parallel are at the same level but require 
different matched resistances. PZT patterns in parallel connection require far less matched resistance to reach the 
maximum power than PZT patterns in series connection, which is more feasible in practical design.  
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